INTRODUCTION
============

Course-based undergraduate research experiences (CUREs) offer authentic research laboratory experiences to all undergraduates rather than a select few who are able to acquire highly sought-after internships or apprenticeships ([@B40]; [@B93]). Generally, CUREs allow individuals or groups of students within a laboratory to ask unique research questions, and often these questions are novel and relevant to the scientific community at large. [@B3] suggest that, to be defined as a CURE, science laboratory experiences must 1) use scientific practices, 2) involve discovery, 3) include relevant research questions, 4) promote collaboration, and 5) iterate parts of the research process. Importantly, in contrast to many other science laboratories that still rely on "cookbook labs" for student learning, the novel research projects conducted during CUREs often have outcomes unknown to the laboratory instructors and the students when they begin ([@B27]; [@B98]; [@B92]; [@B26]).

Multiple studies have reported the benefits of undergraduate participation in CUREs, including improvements in their research skills, persistence in science, technology, engineering, and mathematics (STEM) fields, and self-regulated learning ([@B56]; [@B77]; [@B40]; [@B75]; [@B3]; [@B51]; [@B20]; [@B74]; [@B38]). Increases in students' content knowledge and project ownership have also been measured after participation in a CURE ([@B20], [@B21]; [@B38]). Students involved in a CURE course were generally more successful in finding undergraduate research opportunities, including competitive internships ([@B77]; [@B75]; [@B51]).

Laboratory instructors at many larger institutions tend to be graduate teaching assistants (GTAs) rather than members of the faculty; in fact, GTAs may constitute up to 50% of all instructors at research universities ([@B4]). GTAs frequently instruct introductory laboratories that are prerequisites for upper-division courses; therefore, GTAs can play a significant role in undergraduate student skill building and, ultimately, student retention ([@B8]; [@B49]). Unfortunately, [@B32] report that biology graduate students are willing to implement teaching practices supported by literature (e.g., case studies, student response devices, in-class discussions; [@B39]; [@B86]), yet feel they lack sufficient professional development to do so effectively. The Biology Teaching Assistant Project (i.e., BioTAP) was developed in 2013 primarily to assemble teaching professional development resources for graduate students and encourage research on graduate students instructing biology labs ([@B10]). While BioTAP is a first step in improving graduate student pedagogical development in biology, graduate students teaching biology labs but not familiar with biology education research may not be aware of this resource, thus exacerbating the issue of insufficient professional development.

This need for more research on GTAs as the primary instructors of CUREs extends not only to pedagogical training that graduate students will use during their programs, but for skills they will need afterward. Doctoral programs in the sciences often focus on core competencies related to the ability to conduct scientific research rather than on teaching skills ([@B65]; [@B66]). However, the greatest proportion of U.S. doctoral recipients in the life sciences find employment in academia (45.5%; [@B67]), where teaching is part of their job duties. Further supporting these short- and long-term needs, and to ease tension associated with teaching and research requirements among graduate students in the life sciences, increased investment by graduate students in evidence-based teaching was not found to interfere with their research progress, based on large-scale survey results ([@B82]).

Research on CUREs has largely neglected the impact on laboratory instructors---GTAs; instead, undergraduate students tend to be the focal population for this research ([@B43]; [@B33]; [@B14]). While some have researched the belief systems of science faculty teaching inquiry-based courses ([@B23]; [@B47]), to our knowledge there is no research available founded on GTA perceptions regarding the implementation of CUREs in the introductory biology laboratory, particularly using qualitative methods.

Regarding the limited literature available on GTAs instructing CUREs, [@B91] conducted a qualitative study on a single GTA's experiences teaching a non-CURE inquiry-based course for pre-service elementary school teachers. Additionally, [@B80], [@B81]) conducted qualitative interviews with faculty members teaching life sciences CUREs to better understand faculty perspectives of CURE instruction and improve implementation of CUREs at the institutional level. Compared with quantitative research, which sometimes reduces an individual to a single value or data point, qualitative studies provide more vivid descriptions of an individual's or group's experience ([@B87]). Our study, unlike that of [@B91], focused specifically on the experiences of multiple GTAs instructing an introductory biology CURE at a 4-year public university, thus providing insight into the shared experiences of GTAs teaching the same course.

The purpose of our phenomenological study was to describe and ascribe meaning to the perceptions that GTAs have regarding benefits and challenges with instructional experiences in introductory biology CUREs. We hoped to gain from this study a better understanding of the meaning of experiences that GTAs have while instructing introductory biology CUREs. This research could inform structuring of both laboratory CURE courses at postsecondary institutions and professional development for GTAs instructing introductory biology CUREs.

METHODS
=======

We sought to construct meaning from GTA perceptions of teaching introductory CUREs, based on [@B25] suggestions. Therefore, the epistemological perspective guiding us in this study was constructivism.

Researcher Stance
-----------------

A.H. was formerly a GTA for an introductory biology laboratory that had been redesigned as a CURE at the university where the research was conducted, and both researchers felt that additional pedagogical training may be needed for GTAs instructing this course based on anecdotal feedback from graduate students in the department. Both researchers have also been involved in preparing undergraduate teaching assistants to develop recitation materials and assist with laboratory exercises in this same CURE. Subsequently, both researchers became interested in how GTAs perceive instructional experiences in CUREs. On the basis of our epistemological stance, we chose a phenomenological study. The principal objective of phenomenological studies is to "illuminate the specific, to identify phenomena through how they are perceived by the actors in a situation" ([@B55], p. 1). Often, this research occurs through interviews and discussions and is generally based on the assumption that "there is an essence or essences to shared experience" ([@B61], p. 26). Our goal of better understanding the essence of an instructional experience in a biology CURE paralleled our epistemological view and the constructionist theory of learning, as we sought to construct meaning from GTA perceptions of a common experience (i.e., instructing CUREs).

Participants and Course Description
-----------------------------------

The institutional review board of the comprehensive university in the western U.S. where this research was conducted approved the procedures for this study (IRB \#1140836-2). This university had an enrollment of almost 2500 graduate students and 9000 undergraduates. GTAs instructing an introductory biology laboratory CURE were solicited for participation via convenience sampling ([@B24]) in Fall 2017 via recruitment letters emailed to potential participants. Eleven of 14 possible GTAs in Fall 2017 made up our sample. In total, seven female and four male GTAs participated in interviews; all GTAs were enrolled in either MS (*n* = 4 thesis; 2 = nonthesis) or PhD programs (*n* = 5) in the biological sciences. Our participating GTAs had differing undergraduate teaching experiences (less than 1 year of teaching experience: *n* = 6; 1 year of experience: *n* = 3; 2 years of experience: *n* = 1; 3 years of experience: *n* = 1), which likely influenced their individual responses. For GTAs who had less than 1 year of teaching experience, instructing the CURE was their first teaching experience at the postsecondary level. For the purposes of this manuscript, we classified GTAs who had 1 year of teaching experience or less as novice teachers (*n* = 9), while GTAs who had more than 1 year of teaching experience were identified as experienced or expert teachers (*n* = 2). Both expert GTAs had taught at least one semester of this introductory biology CURE in a previous semester.

The CURE laboratory met weekly for a 3-hour block to complement the introductory biology lecture that met two or three times, for a total of 150 minutes, per week. The first 6 weeks of the CURE lab were dedicated to learning basic scientific techniques ([@B68]) and project planning. Within lab groups of no more than four people, students were expected to develop a novel research question and proposal using *Tigriopus californicus*, a marine copepod, as the model organism. These research questions had not been previously studied by experts in the copepod field and were identified through students' independent research and GTA suggestions. Working with their GTAs, students formulated testable hypotheses and designed experimental procedures specific to their group research projects. After the sixth week of this CURE and through to the end of the semester, laboratory sessions were dedicated primarily to collecting, analyzing, summarizing, and presenting data. GTAs were expected to provide foundational background information regarding general research project planning and development of lab skills, often in the form of a short (i.e., 10 minutes or fewer) slideshow presentation or hands-on demonstration at the start of lab. GTAs also gathered necessary experimental materials for students, offered resources when students had project-specific questions, and assisted students in staying on task and organizing within their research groups. GTAs served as a resource for students in this CURE experience, while students independently ran their research projects with limited intervention from the GTA.

At this institution, GTAs can request to teach this introductory biology CURE, although most lab instructor positions for this course are filled based on availability of GTAs rather than preference, as there are often upward of 30 lab sections; thus, GTA turnover from semester to semester is unpredictable. However, we did not have access to each GTA's teaching preferences in Fall 2017, so we cannot comment on whether GTAs requested to teach this course or were chosen at random by faculty members. GTAs did not receive pedagogical training focused specifically on teaching the CURE, although they did meet weekly with the faculty lab coordinator to discuss lab content, logistics, and issues related to the CURE. Every GTA at this institution must attend a mandatory daylong teaching conference each year, and all first-year GTAs take a pedagogical course concurrently to explore instructional strategies related to laboratory teaching.

Methods for Data Collection
---------------------------

We used semistructured, one-on-one interviews in Fall 2017 as the research instrument ([@B61]). Interviews took place 8 to 14 weeks into a 16-week semester, with each participant being interviewed once. Interviews were scheduled near the end of the semester to allow for GTAs to fully experience all aspects of CURE instruction (rather than just the chaotic first few weeks when projects are being developed and materials for each group are organized) and to allow first-time GTAs to fully acclimate to the teaching requirements of the department. Each interview lasted approximately 30--60 minutes and took place in a private research space on campus. As only the researchers had access to this room, it was an effective setting to conduct private interviews with and collect sensitive information from the participants. Participants were asked to sign a consent form before the interviews. Each interview consisted of seven questions ([Table 1](#T1){ref-type="table"}), and each session was audio-recorded. Although [Table 1](#T1){ref-type="table"} includes the entire interview protocol, we should note that we analyzed and reported on only a subset of these questions (i.e., questions 2, 4, 5, 6, and 7) that were most related to the GTA teaching experience rather than the undergraduate learning experience. After interviews, participants were asked to complete a demographic questionnaire. We use pseudonyms in place of participant names throughout the article.

###### 

GTA interview questions^a^

  ---------------------------------------------------------------------------------------------------------------------------------------------------------
  1\. What do you believe are the benefits of an introductory biology CURE for undergraduate students?
  2\. What do you believe are the benefits of an introductory biology CURE for GTAs?
  3\. What do you believe are the challenges of an introductory biology CURE for undergraduate students?
  4\. What do you believe are the challenges of an introductory biology CURE for GTAs?
  5\. Is your role as a mentor in the CURE more challenging than your role as a GTA in other laboratory courses you have taught? Explain your response.
  6\. What changes would you make to the CURE to make it a more effective learning experience for undergraduate students?
  7\. Have you had experiences with CUREs previously, in high school or college? Reflect on your previous high school and college laboratory experiences.
    **If answer YES to previous experience with CUREs:**
    a. Do you feel that you have benefited from participating in CUREs in previous lab courses? Explain.
    b. Do you feel that participating in CUREs in previous lab courses was challenging? Explain.
    **If answer NO to previous experience with CUREs:**
    a. Do you feel that you have benefited from not participating in CUREs in previous lab courses? Explain.
    b. Do you feel that not participating in CUREs in previous lab courses was challenging? Explain.
  ---------------------------------------------------------------------------------------------------------------------------------------------------------

^a^Although all of the interview questions were asked of participants, questions 2, 4, and 5 were primarily used for thematic analysis in our study.

Data Analysis
-------------

We used a thematic analysis approach to analyze qualitative interview data. Interviews were transcribed from audio recordings and inductively coded into naturally emerging themes ([@B11]; [@B1]) using NVivo 12 software ([@B71]). Identified themes were then amalgamated into a rich description of the phenomenon. Data saturation seemed to occur by the ninth interview, although to ensure that perceptions between novice versus expert and male versus female GTAs were fully accounted for, we completed all 11 interviews that we had originally scheduled.

A.H. completed an initial coding of all raw interview data through development of a preliminary codebook. E.H. conducted a coding consistency check ([@B88]) by using the same codebook to assign all text to the initial themes. We then reviewed any disagreements in coding together and came to a final consensus on a final codebook and the coding of all references. Intercoder agreement increased the reliability of our interpretations, despite only having two researchers involved in the data analysis process ([@B24]). Similar to [@B24] description, this form of peer checking involved coding the interview transcripts and later meeting in person to discuss and justify emergent themes, names, and text segments. See [Table 2](#T2){ref-type="table"} for a summary of challenges and benefits derived from thematic analysis, including a tally of how many total GTAs and how many GTAs from each category of teaching experience cited each theme during their interviews.

###### 

Challenges and benefits for GTAs instructing CUREs based on thematic analysis^a^

                                                                                     Teaching experience   
  ------------ ----------------------------------------------------------------- --- --------------------- ---
  Challenges   1\. Academic unreadiness of first-year undergraduates             8   7                     1
               2\. Feelings of inadequacy in serving in a supervisory capacity   6   6                     0
               3\. Logistics                                                     6   5                     1
               4\. Motivating students to take ownership of their work           5   3                     2
               5\. Time commitment                                               4   3                     1
               6\. Lack of expertise                                             3   3                     0
               7\. CURE instruction requires lots of critical thinking by GTA    3   2                     1
  Benefits     1\. Experience serving as a research mentor                       7   6                     1
               2\. Practice being dynamic                                        4   2                     2

^a^Values represent the total number of GTAs and the number of GTAs in each category of teaching experience who cited each challenge and/or benefit in their interviews.

Relevance to Existing Theories
------------------------------

After inductively coding the GTA interviews, we based our postthematic analysis on two primary theories: 1) [@B89] theory that successful socialization and professional development often leads to the persistence of graduate students in their degree programs; and 2) adult learning theory ([@B53]), which incorporates self-directed learning and recognizes that faculty experience various issues during faculty development such as time limitations and varying levels of motivation to improve. Further, adult learning theory as it applies to faculty development also takes into account how prior teaching and learning experiences of faculty may influence their instructional practices and willingness to reform these practices. In the context of GTA perceptions of teaching, we propose that both theories provide insight into *why* GTAs may have described the CURE-specific benefits and challenges that they did in the current study; further, perhaps the citing of many more challenges than benefits by GTAs suggests that awareness and incorporation of these theories in current GTA professional development programs is limited.

FINDINGS AND DISCUSSION
=======================

Overall, GTAs identified seven primary challenges and two primary benefits to teaching an introductory biology CURE ([Table 2](#T2){ref-type="table"}). Though these responses reflect the perceptions shared by GTAs at our specific institution, we believe the following challenges and benefits could be characteristic of the experiences of GTAs teaching CUREs at other institutions as well; however, additional interviews at other institutions would need to be conducted to confirm this speculation. Challenges are ordered from most to least commonly mentioned by the GTAs, although similar patterns in thematic prevalence emerged when using the total number of statements cited per theme rather than by individual GTAs. The two benefits are also ordered in this same manner.

What Challenges Do GTAs Perceive for Themselves in Teaching CUREs?
------------------------------------------------------------------

### Academic Unreadiness of First-Year Undergraduates

#### Findings.

Eight GTAs referred to the composition of their student population (i.e., primarily first-year introductory biology students) as an instructional challenge ([Table 2](#T2){ref-type="table"}). Jennifer noted,"The \[CURE\] students tend to be freshmen who are coming out of high school where they're not given a very realistic picture of what the college experience is like ... so that's a huge challenge because they're just getting used to college to begin with and then they have to carry out their own research project. It's a bit overwhelming \[for them\]."

Katelyn similarly explained,"I think in their first semester, especially in biology, they're trying to fill in the gaps that they didn't learn in high school ... So they're trying to catch up while learning new information, while trying to apply that information, and while learning how to manage their time."

Camille remarked that one of the biggest challenges in dealing with predominantly freshman students is that "\[the CURE\] is the first time \[that most students\] will conduct their own experiments."

#### Discussion and Interpretations.

This challenge is presumably an issue that all institutions offering first-year undergraduate CUREs must deal with in some form. Though [@B51] admitted that several aspects of CUREs need to be refined for effective implementation to first-year undergraduates, these researchers and [@B72] also highlighted the importance of introductory CUREs in increasing persistence within the STEM fields. Regarding students' abilities to ensure the semi-independent nature of the CURE, [@B33] reported that students participating in a more inquiry-based laboratory appreciated the rigor of engaging in more "real" science practices, despite the frustration and challenges associated with conducting more authentic research. Additionally, self-reported gains in critical-thinking skills by students involved in undergraduate research experiences have also been measured ([@B34]), though the [@B64]) called attention to the fact that measures of critical thinking have been solely based on self-reported measures in most CURE research. Regardless, our findings and these prior studies suggest that certain aspects of CUREs may need to be redesigned for effective implementation to first-year undergraduates.

### Feelings of Inadequacy in Serving in a Supervisory Capacity

#### Findings.

Six GTAs, all whom were considered novices because they had 1 year or less of teaching experience, reported feeling inadequately trained to serve as the primary instructor (i.e., in a supervisory capacity) within their lab sections ([Table 2](#T2){ref-type="table"}). Holly stated, "I felt bad as a new graduate student because I haven't done \[the CURE\], so \[I felt like I was\] sort of dancing around a little bit."

Shannon expressed that she did not feel adequately prepared to run a lab: "The other hard part \[of mentoring students in the CURE\] was being able to pretend like I knew what I was talking about. Fake it 'til you make it, that's been my motto for the entire semester."

Teddy thought that GTAs teaching the CURE received insufficient pedagogical training regarding how to mediate research groups:"So many students came to me with complaints about their group members, and that's something that they should be handling ... but also I guess I'm not equipped to tell them how to handle it. I can tell them what I've done in the past with my groups, but we weren't given any directive on what to tell students that come to us complaining about group members."

Specific to the role of the GTA as a research mentor, Ben remarked that a challenge of supervising the CURE was that "you kind of have to individually learn about each \[student's\] project for you to be able to effectively mentor them."

At least for this specific CURE, it seemed that the GTAs' struggle in a supervisory capacity as a mentor encompassed a limited knowledge of 1) the biological system (i.e., marine copepods), 2) the details of each group's specific research project, and 3) how to manage groups effectively.

#### Discussion and Interpretations.

Our findings are supported by [@B79] and [@B30], who suggested that GTAs required to instruct inquiry-based labs often receive insufficient training and have limited professional socialization ([@B31]), as well as [@B89] theory of graduate students' professional development. First-time GTAs are often just beginning to engage in the scientific research process, while simultaneously developing their individual teaching philosophies and practices, and may not be familiar with the nuances of serving in a supervisory role for a demanding, learner-centered course like the CURE. Further, many graduate students reportedly have misconceptions related to the scientific research process ([@B60]), which would undoubtedly make it more challenging to provide undergraduates accurate advice regarding their experiments. Therefore, it may be worth considering how first-year graduate students can more effectively prepare for their supervisory roles within the CURE via metacognitive strategies, including reflecting on their own supervisory capacity, their ability to learn from experiences, and how quickly they engage in professional socialization.

### Logistics

#### Findings.

The logistics of preparing for a lab in which every group has a unique research project was yet another challenge that was cited by six of the GTAs ([Table 2](#T2){ref-type="table"}). Elena referred to the first few weeks of the CURE, when students are developing and setting up their copepod research projects, as "really chaotic." Ben discussed how challenging it was to ensure that all research groups had the necessary materials to conduct their experiments: "Figuring out what everybody needed, I think that was probably the more difficult part ... figuring out how to make that run smoothly."

Jennifer voiced her concern about the cognitive stress that logistical demands of the CURE place on the GTA:"There are so many moving parts \[in the CURE\], you know. Running the open lab \[i.e., sessions outside of class when students are able to work on their copepod research study in the teaching lab under the supervision of a GTA\], helping each group that needs help with their experiment, figure out the logistics of it ... things like that aren't an aspect of a normal lab. So it's almost as if it's this idea that it's more taxing on the brain to switch tasks all the time \[as a GTA\]."

#### Discussion and Interpretations.

[@B100] and [@B97] reported that the logistics of developing CUREs, in conjunction with the limited time and pedagogical training of CURE instructors, remain challenges of considerable magnitude. However, most discussions of CURE logistics have focused on issues at the departmental level; we suggest that logistics remain a limitation at the departmental level but also extend to GTAs actually instructing each lab, as CUREs, by definition, grant students the opportunity to develop novel research projects (often with unique materials and experimental designs) in groups or as individuals.

### Motivating Students to Take Ownership of Their Work

#### Findings.

Five GTAs referred to the challenge of motivating undergraduates to take ownership of their research projects during the CURE ([Table 2](#T2){ref-type="table"}). Katelyn noted, "I think motivation is one of the hardest and the trickiest things for these \[CUREs\]."

Caleb also expressed the difficulty he experienced in encouraging students to take responsibility for conducting their research projects:"In this CURE-based format I think you really have to work on convincing the student to care more about their project because the grade isn't necessarily a reflection of, did you do the work or not, \[or\] were you able to memorize these things ... And while that is sort of what you want to instill in students, understanding the concepts and not just memorizing things, you're kind of fighting to do that because the direct result isn't as tangible for them as a good grade is."

#### Discussion and Interpretations.

While project ownership is often an assumed outcome of more self-directed research projects not associated with a course ([@B37]), students in some introductory CUREs may be too grade-motivated or disinterested in the content to fully engage. Learner-centered classrooms in general tend to promote more autonomy and ownership among students ([@B84]), and CUREs can be thought of as a suite of learner-centered practices that are centered around student responsibility and choice. Student responsibility for learning has been cited multiple times as a challenge of more autonomous learning environments, particularly the resistance and anxiety that students often experience when offered choices in the classroom ([@B44]; [@B41]). Further, [@B19] suggested that student ownership of learning is a principal component of college readiness. Because most students in this introductory biology CURE were in their first semester of college, a lack of responsibility for their research projects could be indicative of both overwhelming requirements of the CURE and academic immaturity, which then results in a perceived burden to their GTAs.

### Time Commitment

#### Findings.

Four GTAs described an excessive time commitment as one of the challenges of teaching this introductory biology CURE ([Table 2](#T2){ref-type="table"}); three of these GTAs referred specifically to the limited time they had to provide meaningful feedback to their students on assessments for the research project---which they stated dramatically increased their workload as a CURE GTA above the workload for non-CURE GTAs. Jennifer discussed the numerous roles she felt she was expected to play as a research mentor in the CURE:"Personally, I feel like running the CURE takes a lot of energy to be prepared, to lead so many aspects of the lab; like we covered scientific writing, lab protocol, homework, quizzes, and then experimental design ... right? All of that takes a lot of prep energy from the TAs I think to run it at a respectable level of competency. On top of that because it is so hard on the students I want to be there personally to support them with office hours, give them personal feedback on their scientific writing. I want to see them and meet with them, and so that takes even more time than the prep work that I put in. So it's like prep work, the actual labs, and then support afterwards, and ... \[there is\] a lot more time spent grading in this course. It's a bigger time commitment for the students, and it's a bigger time commitment for the TAs as well."

#### Discussion and Interpretations.

This onerous time requirement perceived by the GTAs is supported by the literature. [@B46] discussed the time commitment and advanced planning required for faculty mentors involved in undergraduate research experiences. [@B30] described the increased workload that GTAs must endure in a more inquiry-based laboratory, including grading assessments that may not be related to the inquiry portion of the laboratory itself. Further, [@B12] advised that, in chemistry laboratories, GTAs should provide meaningful feedback to student groups in a timely manner for students to effectively learn in a course. Though [@B78] noted the importance of providing students regular feedback within a CURE, they did not specifically discuss the increased burden of formative feedback for GTAs instructing CUREs versus more cookbook labs. Based on anecdotal conversations with participants in this study, many believe that the time commitment for instructing the CURE goes beyond the scope of the GTA contract; hence, future studies at our institution and other institutions supporting similar CURE GTA workloads should focus on how to better align requirements of the GTA contract with those of CURE instruction, without compromising the integrity and purpose of the introductory biology CURE for undergraduates.

### Lack of Expertise

#### Findings.

Three of the GTAs, all novice GTAs (i.e., those teaching for 1 year or less), discussed their lack of expertise in copepod biology and/or scientific research advising in general as a challenge of teaching the CURE ([Table 2](#T2){ref-type="table"}). Interestingly, all GTAs who alluded to unfamiliarity with the model organism (i.e., the copepod) were first-semester graduate students and fairly new to scientific research at the graduate level. Katelyn reported, "I don't know anything about copepods ... I felt really limited on the information that I could give students. I found myself just feeling really bad that I didn't know the answers to what they asked."

Jennifer, a GTA pursuing a graduate degree without a research thesis component, also described her lack of experience in mentoring undergraduates in research and with the model organism itself:"I am not an expert in this field ... you know, ideally an adviser advising a research project would be an expert in the field, but GTAs, I mean so far none of us have been copepod experts. It's hard when there are some questions that as a GTA, I can't provide for them."

Shannon, a first-semester graduate student, similarly summarized the challenges of her role as a GTA in the CURE: "The majority of the time I'll come in \[to lab\] and I'll have a general idea of what I'm doing, but I'm no expert."

#### Discussion and Interpretations.

Some GTAs' inexperience in teaching, beyond being a new graduate student, could further explain this lack of confidence in the lab. New instructors, including GTAs, often proceed down a similar developmental trajectory in terms of pedagogical growth; [@B9] proposed a five-stage model of instructor development to explain this gradual transition from novice to expert over time. Further, [@B85] discussed that experts are better able to problem solve and synthesize relevant knowledge compared with novices. Many suggest that teachers' professional identities and pedagogies develop over time ([@B2]; [@B7]; [@B52]), including shifting from a more teacher- to learner-centered mindset, and it seems reasonable that GTAs may experience a similar trajectory of personal development in teaching.

Concerns associated with a lack of expertise discussed by the GTAs in the current study are not unfounded. Research regarding GTA development has increased over the past few decades because of both faculty and GTA concerns that GTAs do not have the expertise necessary to teach at the postsecondary level ([@B28]; [@B59]). If limited guidance or training is available to GTAs instructing CURE-based laboratories ([@B54]), GTAs may simply revert to using teaching practices reflective of their own instructional experiences when they were students ([@B35]).

### CURE Instruction Requires Lots of Critical Thinking by the GTA

#### Findings.

Three of the GTAs explicitly referred to the high level of critical thinking necessary to instruct the CURE ([Table 2](#T2){ref-type="table"}). Holly mentioned that the CURE forced her to "think creatively" and that she could not simply "copy things down" that the lab coordinators said at lab meetings for the CURE. Further, Elena discussed that "\[the CURE\] is a lot of brain power, not necessarily preparing the content ... but figuring out how to best approach each situation that comes up in their experiments."

Caleb similarly reported that instructing the CURE "requires a lot of thinking on the fly."

#### Discussion and Interpretations.

While several studies have alluded to the critical-thinking demands CUREs place on students ([@B14]; [@B34]; [@B18]), there is no documentation on how such demands may similarly tax the GTA as the primary CURE instructor. Therefore, we suggest that more research into the critical-thinking demands specific to instructors of CUREs in comparison to those of traditional labs should be conducted.

What Benefits Do GTAs Perceive for Themselves in Teaching CUREs?
----------------------------------------------------------------

### Experience Serving as a Research Mentor

#### Findings.

Seven of the 11 GTAs referred to taking on the research mentor role as being one of the more significant benefits of teaching the introductory biology CURE ([Table 2](#T2){ref-type="table"}). Jennifer summed up her perceived benefits as an instructor of the CURE by noting, "They come to us GTAs for questions or advice on what they're doing, the direction they're going, and how to conduct their research, so we do play that sort of advisory role."

Elena also described her perceived role as a research mentor in the CURE, highlighting the student-centered nature of the CURE and how she must communicate with students in her supervisory capacity:"\[The students\] look to you to help them figure out what to do, and a lot of the times they ask me questions and I'm like, I have no idea the best way to approach that but we'll sit down and think about it together. Sometimes I feel like they have great ideas and when we're bouncing ideas off of each other \... the things that they say, I'm like wow, I wish I had thought of that, that's really great. So it's nice to have that sort of synergistic problem solving going on. They have a lot of creativity, which is awesome."

Two GTAs whose program does not include a research thesis offered a unique perspective in serving as a research mentor within the CURE. Robert shared his interpretation of his role as a GTA in this introductory course: "Since we don't do thesis research, it's good for us to know \[how to conduct research\] and put us out there. Put us on the front lines, and be advocates for science education, how science should be done."

#### Discussion and Interpretations.

[@B30] found that GTAs who teach more inquiry-based laboratories often gain valuable research skills necessary for their degree programs. While the effectiveness of inquiry-oriented GTA development in science laboratories has been previously studied ([@B45]; [@B76]), to our knowledge we are the first to report that GTAs in CUREs perceive benefits from their roles as research mentors or advisors. Some of the GTAs' responses that we coded within this theme may also be akin to the socialization of graduate students for professional roles, a transition from graduate student to professional, as described by [@B31]. Our findings may suggest that, at least for some of the GTAs, their instructional experience in the CURE aided in this socialization. One of our participants, Shannon, indirectly described this transition from a graduate student to a principal investigator, as she discussed the role of her research adviser overlapping with the expectations of the CURE GTA:"\[My primary research adviser\] really kind of made \[my lab members\] think \[our personal research\] through and kind of rationalize through it, and I think that kind of helped me \[in my GTA experience\] ... Now I can kind of ask the same critical questions ... about what's going wrong \[in my students' CURE experiments\] or maybe how we can relate to it."

### Practice Being Dynamic

#### Findings.

Four GTAs, both experts and novices, specifically referred to the dynamic mindset that teaching this course required them to develop ([Table 2](#T2){ref-type="table"}). In describing the flexibility that the CURE requires GTAs to foster, Caleb offered the following explanation:"First and foremost is the opportunity to practice ... there are definitely a lot of situations where things don't go as planned, and that's true for any lab, I think. In particular, \[a CURE\] where \[the lab is\] not necessarily structured to be repeated every time, I think there's a lot of opportunities where you have to kind of think on the fly and maybe adapt what you're teaching or what you're trying to do. And in the case of these research projects, I think it's as much of a learning experience for the GTA as it is for the undergraduate, because you don't really know what the outcome's supposed to be."

Regarding the need for CURE GTAs to adapt to an ever-­changing learning environment, Alicia also commented, "I've definitely gotten a lot better at multitasking."

Elena alluded to the role of the GTA in this CURE as the "ultimate problem solver," based on the ability of GTAs to respond to a multitude of questions and issues that arise.

#### Discussion and Interpretations.

Several studies have reported that GTAs in the sciences often do not interpret their teaching duties as something that could contribute to their graduate research or progress in their degree program ([@B29]; [@B50]; [@B79]). Further, [@B58] described the limited opportunities that are generally available for GTAs to develop their pedagogy, despite the importance of flexibility in academic professions ([@B22]; [@B6]). Additionally, although no other study has reported that GTAs perceive adaptability as a benefit of instructing the CURE that could be applied to aspects of their professional lives (e.g., teaching and research; [@B16]; [@B17]), instructor adaptability to individual student needs has been linked to teaching effectiveness at the K--12 level ([@B94]; [@B70]).

Interestingly, we reported earlier that some of the GTAs highlighted critical thinking as an instructional challenge of the CURE. However, this perceived challenge directly contrasts with the identified benefit of a dynamic mindset and socialization, both of which require critical thinking. Perhaps recognition of critical thinking as both a benefit and a challenge further supports the transitional status of the GTA from a student to a professional, as two of the GTAs who mentioned being dynamic as a challenge were more experienced instructors. [@B48] noted that many GTAs are inexperienced in the research process and are still developing their own critical-­thinking skills, even as they instruct more inquiry-based labs.

Do GTAs Find Teaching CUREs Is More Challenging Than Teaching Cookbook Labs?
----------------------------------------------------------------------------

### Findings.

Overall, yes. Eight of the 11 GTAs stated that they believed instructing the CURE was more challenging than teaching a cookbook lab, due to the multiple reasons outlined earlier. In general, these GTAs felt that teaching the CURE was a greater responsibility, more time-intensive, and less predictable compared with teaching a cookbook lab. As Teddy remarked, "I do feel like rather than knowing something about the lab in particular, you have to know more about how to help them troubleshoot their experiment, and each experiment is different so you never know what that's going to entail."

Jennifer expanded upon the idea of greater GTA responsibility by noting, "I provide a lot more emotional support as a CURE GTA than I did as a \[cookbook GTA\] when we were just working out of the \[lab manual\]."

Ben summed up a principal challenge expressed by many CURE GTAs:"I feel like you have to learn individual projects, it's not just like you have this one thing that you're doing. Like anatomy, you just have to learn anatomy ... maybe share some memorizing tips. But for the CURE, I feel like you kind of have to individually learn about each person's project for you to be able to effectively mentor them."

However, three GTAs did express that cookbook labs were more challenging to instruct, for two primary reasons: 1) cookbook labs require more lecturing than CUREs, and 2) cookbook labs require the GTA to be more of an expert in the specific subject compared with CUREs. Camille explained,"Even my PowerPoint \[introducing the learning objectives and necessary background information for CURE activities each week\] doesn't exceed 10 minutes. It's to let \[the students\] know about today's lab, what we're going to do ... what is due. So I believe that \[in other labs like\] anatomy and physiology, it is more challenging. \[The GTAs\] have to memorize every muscle, every neuron.""

Further, Shannon alluded to the content expertise necessary to teach a cookbook lab:"In my anatomy lab, it's like I'm going to spew this information at \[my students\] and expect \[them\] to remember it. That's fine and dandy but I also think that's kind of harder because then I actually have to know everything, which I do not."

In differentiating between the format of the CURE and cookbook lab, Katelyn also discussed that "CURE labs offer a lot of opportunities to talk about what went wrong, whereas cookbook labs, usually what went wrong is a part of the protocol that went wrong."

### Discussion and Interpretations.

When asked directly which type of lab is more challenging to teach, our GTA participants resoundingly named the CURE over a cookbook-type lab. Moreover, these same GTAs disproportionally listed far more challenges to teaching in a CURE than perceived benefits. Similarly, as many researchers have recognized that cookbook labs tend to require limited critical thinking and engagement by undergraduates ([@B42]; [@B62]; [@B14]), it is not surprising that GTA responsibilities in these courses would also be less demanding ([@B30]). Considering the role of GTAs as the primary instructors of CUREs, it is worth noting these perceived challenges in the midst of nationwide reform in biology laboratory curricula toward this type of model ([@B13]). Our findings do not suggest that CUREs are inferior to traditional cookbook labs, but rather that CUREs are generally challenging for GTAs, who serve a critical role in their success. These challenges are undoubtedly further exacerbated by the "ambiguous niche" of GTAs ([@B69], p. 355), who are simultaneously students, teachers, and employees ([@B90]).

GTAs begin as novice instructors and budding scientists on a developmental trajectory, and their role as teaching assistants contributes to their professional growth. GTA perceptions in the current study suggest that more resources need to be allocated and more policies enacted to better support GTAs for their roles as CURE mentors, which are often drastically different from their roles as cookbook lab instructors (e.g., [@B2]; [@B9]; [@B85]; [@B7]; [@B63]; [@B52]). Our findings hint that, with proper support, the challenges facing GTAs teaching a CURE may foster more competent and confident graduate students who have experience as leaders and critical thinkers. In sum, challenges voiced by our participants may ultimately be benefits, in that they further the complex developmental process of a GTA (e.g., metacognitive introspection of the process of science and their role therein; [@B96]; [@B95]; [@B99]; [@B28]; [@B59]).

CONCLUSIONS, IMPLICATIONS, AND BROADER IMPACTS
==============================================

In answering our original research question "How do GTAs describe their perceptions regarding the benefits and challenges of instructing an introductory biology CURE?," we found that GTAs perceive both benefits and challenges to teaching in a CURE. While GTAs perceived professional benefits such as experience in research mentoring and postsecondary teaching, they also described certain challenges that could be addressed with better pedagogical training. This pedagogical training, which [@B82] suggest does not interfere with graduate students' research training and progress, could guide GTAs on how to better motivate their students to take ownership of their research projects and on best practices in mentoring undergraduates in CUREs and other lab courses in general. This is particularly important in light of [@B21] findings that the effects of discovery, iteration, and collaboration (i.e., three design features characteristic of CUREs) on the research-based career intentions of undergraduates are mediated by student ownership. Both redesigning CUREs to be more engaging and providing GTAs with the proper tools to teach and mentor effectively have the potential to positively impact the many undergraduate students enrolled in these introductory biology courses each semester, with benefits that include increasing persistence and graduation rates among STEM students ([@B74]). Additionally, at the department level, encouraging both GTA and faculty buy-in to CURE instruction could increase the likelihood of undergraduates and their CURE mentors publishing their novel project findings ([@B20]). If GTAs teaching CUREs are truly serving the dual capacity of a mentor (i.e., providing career-related as well as psychosocial support; [@B101]), pedagogical training programs for CURE GTAs should focus on both practical teaching methods (e.g., designing effective assessments and grading rubrics) and more effective strategies for communicating with students in a research setting (e.g., how to be empathetic or deal with group dynamic issues).

Feelings of inadequacy in serving as a research mentor in the CURE, lack of expertise in the field, and the critical thinking required to instruct the CURE were also cited as perceived challenges, though these issues would most likely resolve themselves over time without focused pedagogical training as GTAs developed more fully in their education or within their fields---particularly if they have a required teaching component within their graduate degree program. GTAs further discussed the time commitment required to instruct a CURE as a notable challenge; the literature, however, suggests that lack of time for instructors in higher education is a universal problem that cannot easily be remedied ([@B83]; [@B63]; [@B15]). Similarly, logistics may be an unavoidable challenge for GTAs in CUREs that allow students to develop and design unique research projects, although improvements in lab preparatory organization or policies to clarify GTA job duties may mitigate issues in courses with CURE labs.

Because GTAs are the primary instructors for undergraduate biology laboratories and the supervisors in CUREs, perceptions and feedback from GTAs who teach CUREs are important to consider. Our findings could inform faculty and laboratory coordinators at postsecondary institutions about which skills to focus on in professional development for GTAs instructing introductory biology CUREs, what policy changes are needed in GTA contracts, or how to more effectively implement the CURE. For example, providing GTAs with pedagogical tools at the start of the semester for responding to students' questions effectively or how to stimulate project ownership could perhaps train GTAs instructing science CUREs to be more successful research mentors. While an instrument does exist for quantifying self-­reported project ownership specific to scientific inquiry experiences ([@B36]), we propose that more research is needed to understand how instructors can most effectively stimulate project ownership among undergraduates in CUREs. Further, including more rounds of peer review ([@B73]; [@B57]) and fewer assessments throughout the course may allow GTAs in the CURE more time to provide meaningful, formative feedback on students' research proposals and scientific papers.

On the basis of GTA responses and feedback from a pilot study we conducted with three different GTAs teaching this same CURE in Fall 2016, we did not feel that any additional interview questions had to be included in the current study, nor did we feel that our study was missing important aspects of the GTA experience by omitting certain questions. However, we recognize that our study focused on 11 GTAs at one 4-year public university who were all instructing one specific CURE for introductory biology students. While we hope our findings encourage discussion about how to implement effective training for GTAs instructing CUREs, we acknowledge that the interview responses from GTAs in our study may not reflect the perceptions of GTAs instructing biology CUREs at other institutions. Thus, future studies will certainly need to focus on different aspects of the GTA experience in CUREs, or even explore a single challenge or benefit that we found in our current work in more detail, and should include a broader range of GTAs (e.g., with varying levels of teaching experience) instructing biology CUREs at different types of postsecondary institutions (community colleges, top-tier research universities, etc.).

If both CUREs ([@B5]) and GTAs ([@B8]; [@B49]) have the ability to increase retention among undergraduate students in STEM laboratories, a more complete understanding of GTA teaching challenges and rewards in CUREs, including more affective aspects of teaching, is necessary before a more widespread implementation of CUREs across institutions takes place. Greater focus on how best to improve the CURE and the experience for the GTA instructor may subsequently improve retention among undergraduates.

We thank Randy Larkins for his assistance with and support of this research project and Angela Geraghty for collaboration in devising and conducting a pilot study upon which this work was based. We also thank the GTA and student participants, as well as everyone who provided feedback on the many drafts of this article, including the two anonymous reviewers. This study was not funded by any grants.
